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Numerical reconstruction of spalled particle
trajectories in an arc-jet environment
Raghava S.C. Davuluri∗, Sean C. C. Bailey†, Kaveh A. Tagavi‡, and Alexandre Martin§,
University of Kentucky, Lexington, KY, 40506

To evaluate the effects of spallation on ablative material, it is necessary to evaluate the
mass loss. To do so, a Lagrangian particle trajectory code is used to reconstruct trajectories
that match the experimental data for all kinematic parameters. The results from spallation
experiments conducted at the NASA HYMETS facility over a wedge sample were used.
A data-driven adaptive methodology was used to adapts the ejection parameters until
the numerical trajectory matches the experimental data. The preliminary reconstruction
results show that the size of the particles seemed to be correlated with the location of the
ejection event. The size of the particles ejected from the bottom edge of the wedge varies
over three orders of magnitude, whereas the size of the ones ejected from the top (inclined)
surface were more uniform (around 10 microns). On the bottom edge, the particles ejected
near the leading edge were bulkier (10-1000 microns), where those that ejected further
along, had a smaller size (0.1-1 microns).

I.

Introduction

BLATIVE materials counter the high heat rates during atmospheric re-entry by undergoing mass-removal
A
mechanisms and are used as Thermal Protection System (TPS) for space vehicles. Spallation is one
such mechanism, where the mass is removed through solid particles ejections from the material into the flow.
The particles are most likely produced by disconnected fibers or chunks of material that are ejected due to
thermal, mechanical shear, and internal pressure stresses. They could also be formed by soot, a by-product
of the pyrolysis process.
The presence of spalled particles in the flow field affects the surface heating rates and is not a desirable
phenomenon. Before the material ablates, the particles eject, which results in escalated surface heat rates
and accelerated material recessions as it is equivalent to losing TPS material without the accompanying
absorption of the heat. The particles traveling through high-temperature regions tend to react chemically
and physically with the species in the flow. It causes a change in the composition of the flow field, thereby
modifying the radiative heat flux. The heated and often glowing particles radiate energy back to the material,
thus increasing the heat flux. However, the effect of spallation phenomena alone when compared with other
ablation processes has not been quantified well. The main reason for that is the difficulty in determining the
size of the particles and in understanding the events that lead to particle ejections.
In the past, few experiments were performed to estimate the spallation mass loss from an ablative material.
A laser irradiation experiment was conducted by Lundell1 to investigate the spallation mass loss on carbon
phenolic composites used for Galileo probe fore-body heat shield. A special particle canister2 was coupled to
a gas-dynamic laser3 in which carbon phenolic specimens were mounted. The canister was used to capture
the spalled particles during the experiment and were later weighed to evaluate the spallation mass loss. It
was found out that the thermochemical mass loss of 7.4% for the nominal Jovian atmosphere and 10% for
the cold-dense Jovian atmosphere was contributed by spallation. Tests in a hydrogen-helium arc-jet wind
tunnel were conducted by Park et. al.4 on a carbon phenolic blunt body at Galileo probe heating conditions.
There was a disagreement between experimental values and theoretical values given by Radiating Shock
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Layer Environment (RASLE)5 and Charring Materials Ablation (CMA)6 codes, which was believed to be
due to spallation. The spallation rate of about 15% and 30% of the total ablation rate was observed for wall
heat fluxes of about 20 kW/cm2 and 30 kW/cm2 . Park7, 8 also conducted ballistic-range tests on flat disks
made of carbon phenolic and carbon-carbon in an argon environment. The experimental results revealed
that spallation contributed to the difference between the test and theoretical values, which was 60% for
carbon phenolic and 30% for carbon-carbon. Also, it was noted that the spallation in carbon phenolic was
twice more than for carbon-carbon, and was nearly thrice more than the spallation found by laser tests. The
size of the ejected particles was tiny in the carbon-carbon case and ranged from very small to very large
for carbon phenolic. The results indicated that the luminosity of particles was relatively constant for the
carbon-carbon model and varying for the carbon phenolic model. The tests concluded that spallation due
to large particles was only one-tenth of the total spallation as the indentations due to large particles were
only 5% of the total volume of carbon phenolic. Later, another set of ballistic range tests were conducted in
an argon environment by Park and Balakrishnan9 on carbon phenolic materials used for the Galileo Probe,
and it was found that the spallation rate was on the order of 10% of the total ablation rate.
Recently, a series of spallation experiments and analysis10–13 was conducted in an arc-jet environment
on a wedge-shaped sample made up of carbon-carbon and carbon-phenolic materials. The trajectories of
individual particles were reconstructed through images and using Particle Tracking Velocimetry (PTV)
technique. The PTV technique results show that a significant part of spallation happens from the bottom
part of the leading edge and the rest from the upper surface. The images’ domain was later divided into
smaller 1 mm2 regions, and the kinematic parameters were averaged to study the behavior of particles
statistically. It was observed that the particles eject with a low velocity and accelerate rapidly to the flow
velocity. However, the analysis could not estimate mass loss as the size of the particles was impossible to
be measured through the available resolution of the images. Also, the experimental trajectory’s initial point
was close to the surface and not on the surface. Hence, the experiments could not determine the position
and velocity with which the chunks get ejected accurately.
In order to determine the size and other ejection parameters of the particles, a Lagrangian particle
trajectory code14 is used here to reconstruct the trajectories consistent with the experimental points. A
Computational Fluid Dynamics (CFD) code, KATS (Kentucky Aerodynamic Thermal-response Solver), is
used to simulate the flow field around the wedge sample. The reconstruction follows a data-driven adaptive
methodology and is coupled with the particle trajectory code. The adaptive method tends to minimize
the closeness between the numerical and experimental trajectories. The size and other ejection parameters
determined through the reconstruction would provide a reasonable estimate for the mass loss due to spallation
alone and phenomena behind the particle ejections. The numerically reconstructed trajectories can be later
used to study the particle’s effect on the flow field.15 Preliminary results are provided in this paper, where
600 experimental trajectories were reconstructed, and a statistical analysis of particle’s size is studied.

II.

Experimental reconstruction

Spallation experiments were conducted at the NASA Langley Hypersonic Materials Environmental Test
System (HYMETS) by Bailey et al.10 The experiment constituted of inserting wedge-shaped samples, made
from FiberForm® and PICA, into a Mach 5 flow of air and for different wall heat fluxes for about 30 seconds.
High-speed imagery of the sample, as well as the ejected particles, was taken with cameras. One camera was
positioned to capture the side-view and another one to capture the bottom-view of the sample. The imaging
was performed at a rate of 44,025 frames per second and for a total time of 3.134 seconds by both the
cameras. The images were then pre-processed by applying a high-pass filter and subtracting the background
illumination mask. Before tracking the path of individual particles, the coordinate system of each image was
transformed from camera to laboratory.
The tracking of the particles was performed by using particle tracking velocimetry technique. An opensource software OpenPTV16 was used for reconstructing the trajectories. An approximate of 90 particles per
frame were identified, and a total of 85000 individual particle trajectories were constructed. Fig. 1 shows a
sample of trajectories that have been reconstructed from the images.
The reconstructed trajectories consisted of the kinematic information of spalled particles. However, the
initial positions of the particles tracked by the experiments were near the sample. Also, it was difficult to
measure the size of the particles due to the low resolution of the images and light emitted by the hot particles
that produced bleeding images. Hence, to determine the size and other kinematic information of particles
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Figure 1. Trajectories reconstructed using PTV technique

ejected from the sample, a numerical reconstruction method is employed that computes trajectories that
match the experimental ones in all path-determining parameters of particles. The determination of particle
sizes and initial ejection parameters would help estimate the mass loss due to spallation and understanding
of the phenomenon behind the ejections.

III.
III.A.

Numerical approach

Lagrangian particle trajectory code

The model simulates the dynamics of a particle by employing a Lagrangian formulation.17 The model also
considers the chemical interaction of the particle with the flow field. The governing equation of the model is
of the form:
∂U
=W
∂t

(1)

where U is the state vector and W is the source term vector. The elements of the vector are represented as:




mp
ṁchemistry
m u 


FDx
 p p






U =  mp vp  ,
W=
(2)

FDy




mp wp 


FDz
mp Ep
q̇conv + pdrag − q̇rad + q̇rxn
where mp is the mass of the particle, (up , vp , wp ) are velocity components of the particle, Ep is the total
energy of the particle, ṁC is the chemical reaction source term, FDx , FDy , FDz are components of drag
force acting on the particle, and q̇conv , q̇rad , q̇rxn , pdrag are convective, radiative, reaction heat rates, and
power required to overcome force acting on the particle. The discretization of the system of equations in
Eq. 2 is performed using a backward Euler method. The mass conservation equation is uncoupled from
momentum and energy conservation equations, and the Block Gauss-Seidel method is used to solve the two
sets of equations. The set comprising of momentum and energy equations is solved using Newtons method.
The model is verified using the method of manufactured solution18 to confirm the order of accuracy of the
discretization and correctness of the numerical code. The flow field data used in the model is extracted from
the converged solutions computed by aerothermodynamic computational fluid dynamics (CFD) code KATS
(Kentucky Aerothermodynamics and Thermal-response Solver). The model uses a blended drag coefficient
model, and is validated by comparing with ten different sets of experimental data.19 The model is extensively
used to study the spallation phenomenon. A numerical study was conducted in the past to understand how
the flow field effects the dynamics of the spalled particles by one-way coupling and the effect spalled particles
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have on the flow field by two-way coupling the numerical code and KATS. More information on these studies
are given in Ref.14, 15, 17, 20
III.B.

KATS – CFD

The thermo-chemical non-equilibrium flow field in the continuum regime is computed using KATS-CFD, a
laminar Navier-Stokes solver.21 The governing equation of the model is of form:
∂Q
F − Fd ) = S ,
+ ∇ · (F
∂t

(3)

where Q is a vector of conservative variables, F and Fd are convective and diffusive flux matrices, and S is
the source term vector.
The vectors of conservative variables and source terms are of form:




ω̇1
ρ1
 . 
 . 
 .. 
 .. 








ω̇ngs 
 ρngs 








(4)
S =  0 ,
Q =  ρg u  ,
 0 
ρ v


 g 




 0 
 ρg w 




 0 
 ρE 
ω̇ve

ρEve

where ρi is the density of species i, (u, v, w) are the components of bulk velocity, E and Eve are the total
energy and vibrational-electron-electronic energy per unit mass characterized by temperature T and Tve ,
respectively. ω̇i is mass production rate of species i, ω̇ve is the vibrational energy transfer rate between two
different energy modes, subscripts from 1 to ngs represent the number of species, and subscript g represents
the gas mixture. The convective and diffusive flux matrices in Eq. 3 are given as:


ρ1 u
..
.

ρ1 v
..
.
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τ u − q − i=1 (Ji hi )








τxz 

τyz 


τzz 

(5)

where p is the total pressure, τ is viscous tensor, Ji is the diffusive flux of species i, and q is the directional
heat flux vector. Eq. 3 is discretized first-order in time and second-order in space. The solver uses PETSc
library22–24 to solve the linear system of equations, ParMETIS25 for domain decomposition, and MPI26 for
message passing.
III.C.
III.C.1.

Numerical Reconstruction
Data Adaptation

The numerical reconstruction undergoes a data-driven adaptation technique,27 the details of which are
discussed below. It is an iterative process where adaptation is performed for four parameters that are
defined as
h
iT
θ = rp up vp wp
(6)
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The elements of the θ represent radius and velocity components of the particle. The adaptation is performed
by minimizing the difference between the simulated and experimental values and the cost function used to
define the difference is formulated as
J (θ) =

N
X

T

[φn − φe,i ] Wi [φn − φe,i ]

(7)

i=1

where φn and φe,i denote the simulated and experimental position components of the particle and the summation is performed for total number of points (N ) of individual experimental trajectory. The experimental
data usually has less number of points when compared to the simulated data. Therefore, the difference
between φn and φe,i represent the minimum distance between the simulated curve and ith experimental
point. The matrix Wi is a positive-definite symmetric weighting matrix that is used to express the relative
importance of each experimental value and also the relative importance of each adaptive parameter in that
experimental value. The weighting matrix is defined as
Wi = wi I

(8)

where wi is the weight at the ith point of the trajectory and I is the identity matrix. The weight considered
for this case is
wi =

1

(9)

2

kφe,i k

where k·k is the Euclidean norm. The gradient for the nonlinear cost function J in Eq. 7 is derived numerically.
The approximate gradient is defined as


J (θ + 1 ) − J (θ)


1


.


..
Γ (θ) = 
(10)

 J (θ +  ) − J (θ) 
4
4
where i denotes the perturbation of ith element of θ. The perturbations should be very small in order to
make the approximate gradient equivalent to ∂ (J (θ)) /∂θ. The gradient determines the direction in which
the θ should be adapted in order to reduce the difference between simulated and experimental points. At
each iteration step n ∈ N = {0, 1, 2, . . .}, the cost function and its respective gradient is calculated, and the
updated θ is determined as
θn+1 = θn − ξn Γ (θn )

(11)

where ξn is defined as adaptive step size. An optimal form of step size is used in this work which is expressed
as
ξopt,n =

2 [J (θn ) − J (θ∗ )]
kΓ (θn )k

2

(12)

where θ∗ is a local minimizer of J such that
2

2

kθn+1 − θ∗ k − kθn − θ∗ k < 0

(13)

The iterative procedure is continued till the cost functions as defined in Eq. 7 is below the prescribed tolerance
value.
III.C.2.

Time of Flight

The adaptation of the numerical trajectory to match the experimental one is performed in two steps. In the
first step, the first position (φn ) from the simulated trajectory is picked based on its proximity with the first
experimental data point. The rest of the simulated trajectory points are selected based on their flight time
matching with the experiment. In this way, the numerical trajectory matches the positions as well as the
time of flight of experimental points.
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III.C.3.

Density of particles

The other important parameter to be considered for reconstruction is the density of the particles. The
spalled particle may be a single fiber or a chunk of fibers. The Lagrangian particle trajectory code assumes
the particles to be spherical. A numerical code28 is developed that assumes a spherical volume around the
particle. The code reads the micro-CT scan image of fibrous material as an input. The algorithm searches
for the fiber center and starts increasing the spherical volume around it by one grid point at each step. The
control volume’s porosity is calculated at each step, and the control volume is increased until it reaches a
critical value. The critical value is defined as the volume at which the porosity is equivalent to the material’s
porosity. It should also be noted that when the control volume’s size is less than or equal to the volume
corresponding to the fiber’s diameter, the porosity is zero. The code is run for different fiber centers, and
an average of the critical value is calculated.
A linear relation is established between the control volume’s density and size based on the critical value. If
the porosity is zero, then the density of the spherical volume is that of fiber, and if higher than critical value,
then it is the density of the material. In this way, the non-sphericity of particles is taken into consideration
while simulating the trajectories. The density of single fibers and FiberForm® (whose porosity is 0.87) is
taken from the work performed by Panerai et al.29 Figure 2 shows the relationship that the particle code
takes to calculate the density based on the size.
Φ = 0.0

1400

Φ - Porosity

1200

Density, kg/m3

1000
800
600
400
Φ = 0.87

200
0

20

40

60

80

100

Size, µm
Figure 2. Variation of density of chunk of fibers with respect to size of the spherical control volume

IV.
IV.A.

Results and Discussions

Flow field

The HYMETS arc-jet environment is numerically simulated using KATS - CFD by Düzel et al.30 The
upstream properties are extracted from this solution and are used as boundary conditions to compute the
flow field around the wedge. The perimeter of the wedge is extracted from the images taken during the
experiments. The converged solution of Mach 5 flow over the wedge sample is computed using properties
listed in Table 1, and the Mach contour of the solution is illustrated in Fig. 3.
IV.B.

Verification

For verification, random points from a known trajectory are taken, and the reconstruction method is employed. Fig. 4 illustrates the results of the verification procedure. Here, the lines indicate the simulated
trajectory, plus symbols indicate the flight time of points relative to experimental points, shown in circle
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Table 1. Uniform flow conditions for Mach 5 Air flow

ρf (kg/m3 )
1.02 × 10−3

U∞ (m/s)
3338.22

Ttr∞ (K)
957.07

Tve∞ (K)
4892.83

Tw (K)
2360

YAr
0.068

YN2
0.699

YO2
4.6 × 10−4

YNO
1.3 × 10−5

Figure 3. Mach contour for hypersonic flow around wedge based on NASA HYMETS test conditions
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YN
0.0154

YO
0.217

symbols. Table 2 shows the change in the cost function with iterations. It can be seen that as iterations
increase, the simulated trajectory moves closer to experimental points, as illustrated in Fig. 4. It is to be
noted that the simulated trajectory for iteration 7 and 8 is the same. However, the time of flight points
matches the experimental points for iteration 8, as shown in the zoomed plot of Fig. 4.
0.08

0.06
Iteration 7
Iteration 8

0.05
Y [m]

0.07

0.06

0.05

0.04
0.03
0.02
-0.03

-0.02

-0.01

0

Y [m]

X [m]

0.04

0.03
Experimental Points
Time Points
Iteration 1
Iteration 2
Iteration 3
Iteration 4
Iteration 5
Iteration 6
Iteration 7
Iteration 8

0.02

0.01

0
-0.05

-0.045

-0.04

-0.035

-0.03

-0.025

-0.02

-0.015

-0.01

-0.005

0

0.005

X [m]
Figure 4. Variation of simulated trajectories with respect to iteration for reconstruction

Table 2. Iteration vs. Cost function

Iteration #
1
2
3
4
5
6
7
8

IV.C.

Cost function
5.2524E-003
6.6175E-003
4.7386E-003
1.8897E-003
3.2606E-003
2.8329E-003
2.0361E-006
5.4174E-008

Numerical reconstruction

The numerical reconstruction is performed by adapting the particle’s initial velocity components and size
to match the experimental trajectory. However, for these preliminary results, the reconstruction is only
performed starting from the first point of the trajectory. The numerical trajectory is not backtracked to the
surface of the wedge. The reconstructed trajectories pass through experimental points and match them both
in position and the time of flight. Figure 5 illustrates the results for 11 of the 600 reconstructed trajectories.
In the plot, both the reconstructed trajectory and the experimental points are shown.
The sizes of the particles extracted by reconstructing 600 experimental trajectories are illustrated in
Fig. 6. The spalled particles’ trajectories can be divided into three types: those ejecting from the top
inclined surface, those ejecting from the bottom, near the leading edge, and those ejecting from the bottom,
further along, the edge of the wedge sample. All three types of trajectories are shown in Fig. 5. The
reconstruction results show that the size of the particle depends on the type of trajectory. The sizes of the
8
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Figure 5. Numerical and experimental reconstructed trajectories
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Trajectory ID #
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Figure 6. Particles sizes obtained from numerical reconstruction results

particles ejected from the top of the wedge, indicating the first type of trajectory, are consistent roughly
at a value of 10 µm. On the other hand, the sizes of particles ejected from the bottom of the wedge vary
between 0.1 µm and 1000 µm. Among the ones ejected from the bottom of the wedge, the particles following
the second type of trajectory are bulkier, and their sizes range between 10 µm and 1000 µm. The particles
traversing the third type of trajectory are relatively smaller compared to other types and range between
0.1 µm and 1 µm.
The probability distribution function of particle sizes extracted from the reconstruction results are shown
in Figure 7. It can be seen that the mean of the particle sizes is around 5.81 × 10−6 with standard deviation
and median at 1.81 × 10−5 and 3.34 × 10−6 , respectively. These results are within the same range as the
ones obtained by Price et al.11, 12 using a different technique on similar experimental data.

(a) Size frequency using 1 × 100.25 size bins

(b) Normal distribution fit of the results

Figure 7. Distribution of particle sizes extracted from numerical reconstruction
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V.

Conclusion

It is essential to evaluate the effect of spallation phenomena compared to other ablative mechanisms
to determine its significance. Therefore, numerical reconstruction of particle trajectories was employed on
experimental data to estimate the mass loss caused by spallation phenomena. The perimeter of the test
sample’s scanned image from the experiments was extracted and used as a sample to compute a Mach 5 flow
field around it using KATS-CFD.
The reconstruction was performed for a limited number of trajectories, and the simulated trajectory is
reconstructed from the first point of the corresponding experimental data. It was seen that the size of the
spalled particles ejected from the bottom of the wedge varies, whereas the ones ejected from the inclined
surface are more uniform. On the bottom side, the reconstructed results show that the particles ejected from
the leading edge are bulkier than those ejected further along the sample’s side.
The reconstruction methodology will be extended by adding a back-tracking method to simulate the
particle’s complete path in the near future. This would also allow us to estimate the velocity at the ejection.
Additional data will also be used to provide a more comprehensive and statistically reliable – understanding
of the spallation phenomenon.

VI.
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